Recent advances have allowed for greater investigation into microbial regulation of 2 mercury toxicity in the environment. In wetlands in particular, dissolved organic matter (DOM) 3 may influence methylmercury (MeHg) production both through chemical interactions and 4 through substrate effects on microbiomes. We conducted microcosm experiments in two 5 disparate wetland environments (unvegetated and vegetated sediments) to examine the impacts 6 of plant leachate and inorganic mercury loadings on microbiomes, DOM cycling, and MeHg 7 production in the St. Louis River Estuary, which has a legacy of mercury contamination. Overall, 8 our research reveals the greater relative capacity for mercury methylation in vegetated over 9 unvegetated sediments in this environment. Further, oligotrophic unvegetated sediments 10 receiving leachate produced more MeHg than unamended microcosms, pointing to the role of 11 organic matter and vegetation patterns as an important control on MeHg production in these 12 sediments.We also show that while leachate influenced the microbiome in both environment 13 types, sediment with high organic carbon content was more resistant to change than oligotrophic 14 sediment. Our work supports emerging research suggesting that Clostridia may be important 15 methylators in oligotrophic environments. We demonstrate changes in community structure 16 towards Clostridia and metagenomic shifts toward fermentation as well as degradation of 17 complex DOM and MeHg production in unvegetated microcosms receiving leachate. Together, 18 our work shows the importance of wetland vegetation in driving MeHg production in the Great 19
Introduction
Here, we examine the influence of DOM from plant leachate on net methylmercury 79 (MeHg) production in a contaminated freshwater estuary at the base of Lake Superior. First, we 80 describe MeHg production in environments associated with high (vegetated sediments) and low 81 (unvegetated sediments) ambient DOM in building in understanding of conditions that underlie 82 mercury methylation in the St. Louis River Estuary. We hypothesize that environmental 83 biogeochemistry (in particular, DOM quantity and quality) influences mercury methylation both 84 by regulating microbial activity and by shifting the abundance and metabolic diversity of 85 mercury methylators. We test this hypothesis across chemically distinct sediments associated 86 importance of DOM availability as a control the production of MeHg in Lake Superior's St. 92
Louis River Estuary, an integral environment to human society and industries of the region. 93
Further, our work provides evidence for the involvement of metabolisms that ferment recalcitrant 94 organic matter in mercury methylation, particularly within oligotrophic unvegetated 95 environments, an effect that may be imperative to understanding and mitigating human exposure 96
to MeHg with increasing DOM deposition into aquatic environments (Regnier et al., 2013 oxygen-absorbing packets between subsampling. Our experiment was designed to promote 119 microbial MeHg production by minimizing abiotic photo-methylation and -demethylation (Morel 120 et al., 1998) and sustaining a low redox environment to inhibit demethylation (Compeau and 121 Bartha, 1984) . All experimental set up and sample processing was conducted in an anaerobic 122 glovebox containing 85% N 2 , 5% CO 2 , and 10% H 2 gas mix at the USGS in Boulder, CO. Jars 123 were degassed in the glovebox for 48hr prior to experimentation to remove oxygen. 124
A full-factorial design was employed with two environments (vegetated and unvegetated 125 sediment) and two treatments (plant leachate and Nanopure water). Sediments were 126 homogenized via mixing but unsieved to maintain environment characteristics. Large roots (>1 127 cm) were infrequent and removed to lessen heterogeneity among replicates. Each microcosm 128 received 100 g wet sediment, and 250 mL solution consisting either of leachate at 100 mg/L (~5x 129 natural concentrations to mimic a loading event) and HgCl 2 at 20 mg/L (50 μ g/g wet sediment) in 130 Nanopure water (leachate replicates) or solely of HgCl 2 at 20 mg/L in nanopure water (no 131 leachate replicates). The purpose of HgCl 2 addition at high concentration was to negate initial 132 differences in mercury, overcome HgCl 2 inaccessibility due to abiotic organo-metal interactions, 133 and provide substrate for the duration of the experiment. Microbial community dissimilarity matrices based on 16S rRNA sequences were 214 constructed using the weighted UniFrac method (Lozupone et al., 2011) in QIIME. We 215 preformed analysis using the full community and within the methylating community. To 216 examine the relative abundance of our methylating OTUs, we removed OTUs with less than 217 eight total occurrences (bottom quartile) in our 91 subsamples to limit artifacts from sequencing 218 errors among rare organisms (methylating OTUs were <1% of sequences). Alpha diversity for 219 each sample was assessed using the PD whole tree metric in QIIME. The relative abundance of 220 methylators was compared within each environment at days 0 and 28 (leachate vs. no leachate) 221 using unpaired one-way Student's t-tests. 222
Changes in community structure through time (days 0, 7, 14, 21, 28) were assessed with 223 ANOSIM in QIIME. Differences in alpha diversity at day 0 were assessed using unpaired one-224 way Student's t-tests. Relative abundances of major clades were assessed between vegetated and 225 unvegetated environments at day 0 and changes in clades through time (days 0, 7, 14, 21, 28) 226
were assessed using non-parametric Kruskal-Wallis tests with FDR-correct P values. SIMPER 227 analysis was conducted using the 'vegan package' to identify OTUs associated with community 228 dissimilarity between days 0 and 28 in microcosms receiving leachate. Correlations between 229
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Increases in the frequency of COGs, Pfams, and KEGG pathways at day 28 relative to 234 day 0 were evaluated using binomial tests. Targets more abundant at day 28 (FDR-corrected P < 235 0.01) were examined for correlations with HIX and MeHg production at day 28 with the Pearson 236 product-momentum correlation coefficient. 237 238
Results. 239

Ambient geochemistry and microbiology. 240
Physicochemical and biological properties of vegetated and unvegetated environments 241 significantly differed (Hotelling P = 0.004, Table 1 ). The unvegetated environment was 242 extremely oligotrophic, with low concentrations of sediment C and N, and both vegetated and 243 unvegetated environments appeared to be N-limited (C:N 16.43 and 20.06). DNA concentration, 244 enzyme activities, and mercury concentrations were an order of magnitude higher within the 245 vegetated environment (Table 1 ). In addition, methylmercury production in sediments without 246 leachate addition was significantly higher in vegetated sediment than unvegetated sediment, by 247 nearly two orders of magnitude ( Figure 1) . 248
Microbial community structure and alpha diversity were significantly different between 249 the two environments (ANOSIM, P = 0.001, R= 1.00, t-test, P = 0.01), though major phyla were 250 similar (Table 1) were no significant changes in community structure within methylating clades through time 273
(ANOSIM across days 0, 7, 14, 21, 28, P > 0.05). This result was not unexpected given our small 274 sample sizes (methylator OTUs contained less than 1% of sequences). 275
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Changes in community structure in response to leachate was partially generated by an 276 increase in Clostridia in both environments (Kruskal-Wallis, veg.: FDR-corrected P = 0.003, 277 unveg.: P = 0.018, Figure 2B , Table S3 ) and a decrease in Deltaproteobacteria in unvegetated 278 sediment (Kruskal-Wallis, veg.: FDR-corrected P = 0.36, unveg.: FDR-corrected P = 0.015, 279 Figure 2B ). In particular, Clostridia abundances increased by 3-fold (1.1% to 3.8% of the 280 microbiome) and 10-fold (1.5% to 10.5% of the microbiome), respectively in vegetated and 281 unvegetated environments, driven by increases in nearly all families of Clostridia. These shifts 282
were mirrored within our subset of data containing only suspected methylators ( Figure 2C ), 283 which showed distinct (non-significant) trends for increases in Clostridia and decreases in 284
Deltaproteobacteria in response to leachate in both environments. 285
Changes in the methylating community were more evident at finer taxonomic levels. One 286 family of Clostridia (Peptococcaceae), sharply increased with leachate in unvegetated sediment 287 and displayed a similar trend in vegetated sediment (Kruskal-Wallis, veg.: FDR-corrected P = 288 0.18, unveg.: FDR-corrected P = 0.04, Figure 2D ). These changes were due to increases in two 289 closely related methylating OTUs (Kruskal-Wallis, Dehalobacter restrictus veg.: FDR-corrected 290 P = 0.24 (uncorrected P = 0.04), and Syntrophobotulus glycolicus, unveg.: FDR-corrected P = 291 0.006) grouped in a single genus by our classification system (Dehalobacter_Syntrophobotulus, 292
Kruskal-Wallis, veg.: FDR-corrected P = 0.09, unveg.: FDR-corrected P = 0.0027, Figure S2 ). 293
Increases in Clostridia (t-test, FDR-corrected P = 0.006), Peptococcaceae (t-test, FDR-corrected 294 P = 0.018), Dehalobacter restrictus (t-test, FDR-corrected P = 0.024), and Syntrophobotulus 295 glycolicus (t-test, FDR-corrected P = 0.042) as well as a possible trend for decreases in 296
Deltaproteobacteria (t-test, FDR-corrected P = 0.18) were also reflected in metagenomic data 297 ( Figure 3D) . 298
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Geobacter (decrease), significantly contributed to community differences between day 0 and day 301 28 (P < 0.05, Table S1 ). This was reflective of broader changes in the full community, in which 302 22.9% of 175 SIMPER-identified OTUs belonged to Clostridia (increased from avg. 0.78 303
OTUs/sample to avg. 17.20 OTUs/sample, Table S3 ) while 8% belonged to Deltaproteobacteria 304 (decreased from avg. 8.5 OTUs/sample to 7.4 OTUs/sample, Table S2 ). 305
In total, 7,150 KEGG pathways, 84 COGs, and 79 Pfams were significantly more 306 abundant at day 28 relative to day 0 in unvegetated leachate microcosms ( Figure 3A Given the apparent shift in community structure towards Clostridia, and 332 (chemoorganotrophic) Peptococcaceae in particular, we examined correlations of this family 333 with the proportion of complex organic matter (HIX) and MeHg production within each 334 environment. We focused on HIX because this index changed consistently and reflected portions 335 of recalcitrant carbon substrate pools utilized by the organisms we identified. Because we only 336 calculated net MeHg production at the conclusion of the incubation, we analyzed these 337 correlations at day 28 and grouped leachate and no leachate replicates within each environment 338 to provide sufficient variation and sample size. Finally, despite low statistical power (n = 3), we observed marginally significant trends 343 (P < 0.10) between key metabolic pathways and HIX (Table 3 ). In particular, COGs classified 344
as: Glycosyltransferase, Glycosyltransferases involved in cell wall biogenesis, 345
Glycosyltransferases -probably involved in cell wall biogenesis, and 346
Beta-galactosidase/beta-glucuronidase; and Pfams classified as: Glycosyl transferase family 2, 347
Radical SAM superfamily, and SusD family displayed significant correlations with HIX at the P 348 < 0.10 level. Only Pfam PF00593, TonB dependent receptor, correlated with MeHg production 349 (P < 0.001, r = -1.00, addition, MeHg production in vegetated sediments was two orders of magnitude higher than in 357 unvegetated sediments (Figure 1 ). As such, vegetated sediments may be considered potentially 358 important locations for mercury methylation when mercury is present in the environment. Such 359 a dynamic may be due to either higher overall activity of microorganisms or the unique 360 microbiomes contained within these sediments. Within the high-C vegetated environment, 361 leachate did not influence the sediment microbiome or net MeHg production to the same extent 362 as within the more oligotrophic unvegetated environment (Figure 1, Figure S1 ). Given high 363 ratios of C:N, high OC content, and low NO 3 -concentrations in our vegetated sediment (Table  364 1), N-limitation may have mitigated net MeHg production in vegetated environments relative to 365 the unvegetated environment (Taylor and Townsend, 2010), which had substantially lower 366 concentrations of all measured C and nutrient concentrations. Both ambient MeHg levels and net 367
MeHg production were dramatically higher in the vegetated environment, supporting other 368 
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Cellier, M., Prive, G., Belouchi, A., Kwan, T., Rodrigues, V., Chia, W., Gros, P., 1995. were analyzed from across days 7, 14, 21, and 28; and leachate microcosms were analyzed across days 0, 7, 14, 21, and 28 (n = 4-5 at 789 each sampling point, no samples were taken in no leachate microcosms at day zero), with characteristics of the applied leachate 790 represented at day 0. 791 
